Objective: This study examined the effect of mucopolysaccharidosis (MPS) type 1 on diffusion tensor imaging (DTI) metrics in the canine brain. We hypothesized 1) white matter regions in the MPS brain would show decreased fractional anisotropy (FA) and increased radial diffusivity (RD) compared to the same regions in normal brain, 2) compared to FA, RD would more closely correlate with myelin density and fiber coherence, and 3) DTI and histological data from the normal brain could be used to accurately predict degree of myelination in the MPS brain using DTI metrics. Methods: We performed DTI imaging on one normal canine brain and two MPS brains on a 7T MR scanner and generated FA and RD maps. Brains were sectioned and stained with a gold chloride stain for myelin to obtain myelin optical density and fiber coherence values. The three brains were compared using the DTI and histology metrics. Results: Most measured regions in one MPS brain and all measured regions in the other MPS brain exhibited decreased FA, increased RD, and decreased myelin density in white matter. FA and RD significantly correlated with myelin density in the normal brain but failed to reach significance in either MPS brain. A predictive model using FA but not RD was able to accurately predict degree of myelination in one MPS brain. Conclusion: Dysmyelination in the MPS brain results in decreased FA and increased RD. However, in the small sample, FA and RD were values not significantly correlated with myelination in either MPS brain.
Introduction
Diffusion tensor imaging (DTI) is a magnetic resonance (MR) technique used to noninvasively investigate the integrity of white matter tracts by measuring the diffusivity of water. Cellular structural factors such as cell membranes and myelin sheaths can restrict water diffusion in various directions, producing non-random microscopic water motion, termed anisotropy. 1, 2 The estimation of structural integrity can be made by measuring the anisotropy of water diffusivity, which can be expressed in a number of metrics, such as fractional anisotropy (FA, i.e. the degree of anisotropy) and radial diffusivity (RD, i.e. the magnitude of diffusion along the two non-dominant axes of diffusion). 3 In previous studies, our group performed very high-resolution DTI of a normal canine brain and showed that RD values within specific regions of interest (ROIs) correlate with myelin stain optical density in the same brain regions in a statistically significant manner. 4, 5 Other investigators used the shiverer mouse, a model for dysmyelination, to demonstrate decreased FA compared to controls. 6 We also previously performed high-resolution DTI scans in three normal canine brains and identified six major white matter tracts indicative of major functional divisions of the cerebral hemispheres. 7 Furthermore, we derived quantitative values that can be used for the study of canine models of human white matter diseases.
This study examined the behavior of DTI metrics in a canine model for mucopolysaccharidosis type I (MPS).
MPS is a leukodystrophy disorder in which a deficiency of intra-lysosomal breakdown of glycosaminoglycan molecules exists, causing abnormal central white matter. Patients with MPS have decreased gray matter vs. white matter differentiation that is attributable to these white matter abnormalities. 8 In human MPS type 1, focal white matter abnormalities are common and an important feature of the disease, although they occupy only a small amount of supratentorial white matter volume. 9, 10 This study had multiple purposes. First, we set out to compare FA and RD values in MPS brains and in a normal canine brain. The second goal was to compare the same values with the degree of myelination (as measured using a gold chloride stain of histological slices) and the degree of coherence of white matter fibers, which is a measure of the degree to which white matter fibers are oriented in the same direction (i.e. are parallel) and that would be expected to correlate with FA values. Because FA is expected to be elevated in regions containing parallel fibers, we sought to determine whether FA would correlate with fiber coherence. The third goal was to determine whether the level of myelination in the MPS brain could be predicted using DTI metrics. If proven true, such a finding might serve as a basis for reliably determining the degree of myelination in a noninvasive manner.
Our hypothesis was three-fold. First, we hypothesized that white matter in the MPS brain would exhibit decreased FA values and increased RD values compared to normal brain. Second, we hypothesized that RD would better correlate with myelin stain density and fiber coherence than would FA values. Third, we believed that DTI metrics would predict the level of myelination in the MPS brain within 5% of reference values provided by histological stains.
Materials and methods

Specimen acquisition and preparation
One normal postmortem adult canine brain was received from the University of Georgia and two MPS postmortem adult canine brains were received from Harbor-UCLA Medical Center. Hereafter the two MPS brains will be referred to as brain #1 and brain #2. The dogs were euthanized in independent research studies following protocols approved by each center's Institutional Animal Care and Use Committee (IACUC). Brain #1 was sacrificed at age 21 months and brain #2 was sacrificed at age 53 months.
The normal dog was part of an unrelated terminal study and had been confirmed as normal based on physical and neurological examinations, hematology, serum chemistry and urine analyses in addition to cerebrospinal fluid (CSF) analysis and cranial magnetic resonance imaging (MRI) evaluations. The dog was subject to humane euthanasia using intravenous pentobarbital. Upon expiration (as measured by cessation of breathing and reflex activity), the animal underwent transcardial perfusion with 0.1 M sodium phosphate buffer to exsanguinate the carcass, followed by perfusion with buffered 4% paraformaldehyde solution and 10% buffered sucrose. After this procedure, the brain was removed intact from the cranial cavity in a standard postmortem extraction. The brain was placed in 10% sucrose buffered with 0.1 M sodium phosphate.
The two MPS dogs were anesthetized with Euthasol (200 mg/kg) and monitored until corneal reflexes were absent, respiration had stopped, and cardiac rhythms were interrupted. The dogs were exsanguinated by transcardial perfusion with 0.9% sodium chloride. The dogs then underwent transcardial perfusion with 10% neutral buffered formalin with 10% MR gadobutrol contrast agent (Bayer Healthcare Pharmaceuticals, Whippany, NJ, USA). The brains were removed and placed in 10% neutral buffered formalin.
Two weeks prior to imaging, all brains were immersed in 1% MR gadoteridol contrast agent (Bracco Pharmaceuticals, Milan, Italy) in 0.9% sodium chloride in 0.1 M sodium phosphate buffer, pH 7.4, in order to reduce the T1 relaxation time of the tissue, allowing for a shorter acquisition time.
Imaging
All brains were scanned with the same protocol on a 7T small animal MRI system (Magnex Scientific, Yarnton, Oxford, England) equipped with 670 mT/m Resonance Research gradient coils (Resonance Research Inc, Billerica, MA, USA) and a 6 cm diameter quadrature RF coil (M2M Imaging, Cleveland, OH, USA) and controlled with a General Electric Signa console (GE Medical Systems, Milwaukee, WI, USA). We acquired images using a custom-designed spin-echo six-direction diffusion-weighted spin-echo pulse sequence (repetition time (TR) ¼ 100 ms, echo time (TE) ¼ 18.1 ms, number of excitations (NEX) ¼ 1, b ¼ 1517 s/mm 2 ). The acquisition matrix was adjusted according to the size of each brain for a field of view producing a Nyquist-limited isotropic voxel size of 100 mm. Diffusion preparation was accomplished using a modified Tanner-Stejskal diffusion-encoding scheme with a pair of unipolar, half-sine diffusion gradient waveforms. Total acquisition time was approximately 40 hours for each brain.
The two MPS brains were compared using FA and RD maps to evaluate for morphological differences. Figure 1 shows differences in the amount of perivascular (Virchow-Robin) spaces in the MPS brains.
Data processing
Following imaging, the data were smoothed using the SUSAN de-noising algorithm implemented in FSL with a three-voxel-kernel radius. For each brain, maps of the three eigenvalues, the three eigenvectors, and FA were reconstructed using Diffusion Toolkit Version 0.6.2. 11 RD maps were calculated by averaging the 2 and 3 eigenvalue maps using ImageJ Version 1.47. 12
Histology
One week prior to sectioning, the brains were transitioned to a 30% sucrose solution to prevent crystallization during freezing. The brains were hemi-sectioned in the sagittal plane, and the right hemispheres were immersed in dry ice for 10 minutes. The right hemispheres were then bisected in the coronal plane at the midpoint of the corpus callosum. Each block of tissue was mounted on a sledge-style freezing microtome (American Optical, Southbridge, MA, USA) and maintained at the optimal temperature for sectioning with dry ice. Fifty mm coronal sections were taken continuously throughout the block. From these sections, we mounted a series consisting of one section per 500 mm (i.e. every 10th section). These sections were mounted and stained with gold chloride (Electron Microscopy Sciences, Hatfield, PA, USA) following the procedure outlined by Schmued. 13 Figure 2 exemplifies the expected behavior of the myelin stain in gray and white matter. The duration of immersion time in the gold chloride stain varied but was generally on the order of 22-27 minutes. However, a standard Light micrographs (40Â) depicting the degree of myelin staining in gray matter and white matter; (a) Myelin stain in the caudate nucleus, a gray matter ROI, with an optical density of 0.958. Note paucity of stain; (b) Myelin stain in the corpus callosum, a white matter ROI, with an optical density of 1.118. Note increased stain compared to the gray matter ROI. As expected, the less myelinated, gray matter ROI had the following changes compared to the more myelinated white matter ROI: decreased fractional anisotropy (0.153 vs. 0.737) and increased radial diffusivity (4.162 Â 10 À4 vs. 1.574 Â 10 À4 ); ROI: region of interest. duration for immersion could not be provided a priori because of variations in degree of staining for any set duration for different specimens. As a result, the degree of staining for each specimen varied and the quality of the degree of staining was observer dependent, rather than standardized and quantitative.
ROI designation
We designated 16 ROIs that were intended to sample diverse neural tissues, including gray matter (five ROIs) and subcortical and deep white matter (11 ROIs), which are depicted in Figure 3 . We verified that the results were anatomically congruent. See Appendix 1 for ROI definitions.
Digital image acquisition of histology slides
The slides were scanned at 1200 dpi as eight-bit grayscale images on an HP C4580 flatbed scanner (Hewlett-Packard, Palo Alto, CA, USA) at fixed brightness and contrast settings. On each scan, a piece of black paper was used as a control for possible variations in light intensity during scanning. The pixel intensity value was subtracted from 255 to produce a variable that would measure the density of gold chloride staining in each ROI. We minimized the effect that variations in stain duration might have on stain density by normalizing the values within each slide. The variable ''optical density'' was expressed as a ratio of the stain density value itself to the mean stain density of the entire tissue section on the slide.
Optical coherence measurements
Micrographs at 40Â were acquired at each ROI using a Nikon Eclipse e400 microscope (Southern Micro Instruments, Marietta, GA, USA) and a MicroFire camera (Optronics, Muskogee, OK, USA). Images were acquired with the lamp set at minimum brightness and aperture at maximum size, with an exposure time of 100 ms. Using an automated script in MATLAB Release R2010b, we selected the largest square sample that would entirely fit inside each micrograph, and performed a two-dimensional (2D) fast Fourier transform (FFT). 14 We then high-pass filtered the 2D FFT spectrum with a radius of eight pixels centered on the origin in order to remove the lowest frequency components and focus on our analysis on the high spatial frequency patterns within each ROI. We took radial sums of the remaining pixels within a circle of radius 512 pixels (or 256 pixels if the FFT plot was too small to contain a circle of radius 512 pixels) for each of 360 degrees of the circle. The radial sums were smoothed with a 15-value moving average, and the measurement of optical coherence was taken as the percentage difference between the highest and lowest values of the smoothed radial sums.
Histology and DTI metric acquisition
The FA and RD maps were registered to the histology images using a rigid affine transform in MATLAB. The histology images and registered DTI images were combined into a super stack on ImageJ. ROIs were selected on the histology slices and measurements of staining intensities were taken. For measuring DTI metrics, the same ROI shape was translated but not stretched or sheared in order to best fit the definition of each ROI, and then measurements were taken. Allowing for translation of the ROI was necessary because of imperfections in the image registration. However, we maintained the ROI shape to minimize inter-rater and intra-rater variability.
Using DTI metrics to predict degree of myelination
In the normal brain, optical density was correlated with FA and with RD, using JMP version 9.0.0. 15 The linear regression equations from these correlations were used to create two models for predicting optical density from DTI metrics, one using FA as the independent variable and the other using RD as the independent variable. These two models were applied to the FA and RD values of both MPS brains to generate predicted optical densities. The predicted optical density was compared against the measured optical densities.
Data analysis and statistics
Statistical analysis was performed in JMP. We created a categorical variable of matter type by labeling each ROI as gray matter or white matter. For each brain, pair-wise linear regression analysis was performed between the following metrics: FA, RD, optical density, optical coherence, and tissue type (i.e. gray matter or white matter). Multivariate linear regression analysis was also performed for each brain using optical density, optical coherence and tissue type as independent variables to explain changes in FA and RD.
Results
Internal controls
The consistency of the flatbed scanner used for measuring myelin density of the histological sessions was assessed by measuring the same piece of black paper in several locations on the scanner during multiple scanning sessions. Variation between measurements did not exceed 2%.
Intra-rater reliability assessments were undertaken to determine the consistency of the optical density, FA, and RD values obtained from ROI designations.
One rater measured the optical density, FA, and RD across the 16 ROIs at two separate sessions one week apart. For each series, the average intra-rater difference was less than 3%, and the average variability in each ROI did not exceed 8%. The optical coherence values were generated using an automated script and were verified to have zero variability.
Comparison of DTI metrics in healthy and MPS canine brains
Gray matter and white matter distinction in DTI values. Tables 1-3 show the DTI and histological measurements for all ROIs both in the normal brain and both MPS brains. Within each brain, the gray matter and white matter regions had DTI values that occupied non-overlapping distributions. The highest gray matter FA value remained below the lowest white matter FA value with a gap interval of 0.229 in the normal brain, 0.172 in MPS brain #1, and 0.100 in MPS brain #2. However, when all values of all three brains were displayed in a single plot, some gray matter FA values of one brain overlapped with some of the white matter FA values in other brains, likely representing normal variation between individual brains or variation in the staining process.
Likewise, the lowest gray matter RD values remained above the highest white matter RD value with a gap interval of 2.15 Â 10 À4 mm/s in the normal brain, 5.74 Â 10 À5 mm/s in brain #1, and 7.31 Â 10 À5 mm/s in brain #2. Unlike FA values, the RD values for gray matter and white matter occupied nonoverlapping distributions even when values from all three brains were plotted on a single graph, with an interval of 3.85 Â 10 À5 mm/s.
FA and RD in white matter. To facilitate the comparison between brains, the ROI value in each MPS brain was expressed as a ratio of the DTI value in the MPS brain divided by the ROI value in the normal brain. These ratios are seen in Figures 4-6 . The normal brain is also plotted to ease visualization. Figure 4 compares the FA values in white matter for the three brains. FA was expected to be decreased in the MPS brains compared to normal. MPS brain #1 showed a mixed pattern, with FA ratios ranged from 0.746 to 1.314. FA values were decreased in five of the 11 white matter regions (Table 4 ) and increased in the remaining six regions, with three regions having only a very mild elevated ratio (between 1.0 and 1.1) and three having ratios between 1.24 and 1.31. These three regions (corona radiata, postcommissural fornix, and optic tract) were outliers that had notably higher than normal ratios (i.e. above 1.2). Brain #2 showed a consistent decrease in FA values across all white matter regions, with ratios ranging from 0.444 to 0.990. Two regions (corona radiata and optic tract) were notably closer to normal than the other regions, but still maintained ratios below 1.0. The remaining nine regions were substantially below normal with ratios below 0.7. Figure 5 compares RD values in white matter for the three brains. As with FA, the RD values in MPS brain #1 showed a mixed pattern, but now with seven regions showing the expected increase and only four regions showing a decrease in RD ( Table 4 ). The RD ratios ranged from 0.689 to 1.532. Two regions (i.e. the fornix and optic tract) were notably lower than normal Figure 4 . Fractional anisotropy values for the white matter ROIs in all brains expressed as a ratio compared to the normal brain used in this study. MPS brain #1 had fractional anisotropy values above and below that of normal. MPS brain #2 had fractional anisotropy values below that of normal; ROIs: regions of interest; MPS: mucopolysaccharidosis. Figure 5 . Radial diffusivity values for the white matter ROIs in all brains expressed as a ratio compared to the normal brain used in this study. MPS brain #1 had radial diffusivity values mostly above and some below that of normal. MPS brain #2 had radial diffusivity values that were almost all above that of normal. ROIs: regions of interest; MPS: mucopolysaccharidosis.
with ratios less than 0.8. Overall, RD more closely fit the expected pattern of change than FA for MPS brain #1. MPS brain #2 again remained consistent, showing an increase in RD values across all white matter regions, with ratios ranging from 1.078 to 1.791. The corona radiata was only minimally increased from normal. Note that this finding parallels the FA value for this same region in this brain as the FA in the corona radiata was only minimally decreased from normal.
Comparison of histology metrics in healthy and MPS canine brains
Gray matter and white matter distinction in histology values. For the normal brain, there was a clear distinction of optical density values between gray matter and white matter, with the highest gray matter value being 0.958 and the lowest white matter value of 1.118. However, a similar distinction between gray matter and white matter was not seen for either MPS brain Table 4 . Table showing ROI data for all brains used in this study. Values for the normal brain are placed outside brackets; the value for MPS brain #1 is the first value listed within parentheses and that for the MPS brain #2 is listed second. Fractional anisotropy values that are lower than the normal value and radial diffusivity values that are higher than the normal value are depicted in bold type.
Region
Fractional because the range of optical density values for gray matter and white matter overlapped. Fiber coherence did not obviously distinguish gray matter and white matter in any of the brains.
Myelin density and fiber coherence in white matter. Figure 6 compares the optical density values in white matter of all three brains. Myelin density was expected to be decreased in the MPS brains compared to normal. Both brain #1 and brain #2 showed a consistent decrease in optical density across all white matter regions. Most optical density values for both brains were clustered in the 0.8 to 0.95 range. Of note, brain #2 had one outlier region (optic tract) that had an optical density value of 0.615 that was significantly more decreased than the other regions in that brain. For comparison, the optic tract in MPS brain #1 had a ratio of 0.877. Figure 7 compares the optical coherence values in white matter of all three brains. Optical coherence was expected to remain mostly unchanged in the MPS brains compared to normal. Brain #1 had a mixed response, with one region that was found to have an increase in fiber coherence while the rest of the regions were found to have a decrease. The optical coherence ratios ranged from 0.553 to 1.233. Brain #2 also had a mixed response, with five regions showing an increase in optical coherence and six showing a decrease. The optical coherence rations ranged from 0.635 to 1.380.
Comparison of DTI metrics with histology metrics
Simple pair-wise correlations. Pair-wise comparisons between DTI and histology demonstrated the following significant correlations. FA significantly correlated with optical density in the normal brain (p ¼ 1.9 Â 10 À5 ), but failed to have significant correlation in MPS brain #1 (p ¼ 0.989) and in MPS brain #2 (p ¼ 0.776). RD significantly correlated with optical density in the normal brain (p < 0.0001) but not in MPS brain #1 (p ¼ 0.917) or MPS brain #2 (p ¼ 0.459).
FA significantly correlated with optical coherence in the normal brain (p ¼ 2.53 Â 10 À4 ) and brain #1 (p ¼ 0.0123) but not in brain #2 (p ¼ 0.0997). RD significantly correlated with optical coherence in all three brains (p ¼ 0.0014 for normal, p ¼ 0.0067 for brain #1, and p ¼ 0.0086 for brain #2).
FA significantly correlated with matter type in all brains (i.e. the normal brain and both MPS brains) (p < 0.0001 for normal, p < 0.0001 for brain #1, and p < 0.0001 for MPS brain #2). RD significantly correlated with matter type in all three brains (p < 0.0001 for the normal brain, p < 0.0001 for brain #1, and p < 0.0001 for brain #2).
Multivariate linear regression.
In the normal brain, FA significantly correlated only with optical coherence (p ¼ 0.0481), but RD correlated with optical density (p ¼ 0.0120), optical coherence (p ¼ 0.0447), and matter type (p ¼ 2.4 Â 10 À4 ).
In both MPS brains, no significant correlations were found between the DTI metrics and the histology metrics, but both FA and RD correlated with matter type. Brain #1 showed significant correlations of both FA (p ¼ 4.9 Â 10 À4 ) and RD (p ¼ 0.0007) with matter type. Brain #2 showed a similar pattern for FA (p ¼ 5.5 Â 10 À4 ) and RD (p < 0.0001) correlating with matter type.
Prediction of myelination. As previously indicated, the pair-wise correlations in the normal brain that were used to create the predictive models (optical density vs. FA and optical density vs. RD) were both strongly significant. In brain #1, the FA-based model predicted optical density with an error of 8%, and the RD-based model predicted with an error of 10%. In brain #2, the FA-based model was able to predict with an error of 3% and the RD-based model was able to predict with an error of 12%.
Discussion
In this study, we set out to determine whether DTI metrics were substantially different between MPS brains and a normal control brain. We indeed found that FA values were decreased, and RD values increased, in both MPS brains and that these findings generally correlated with decreased myelination as seen on gold chloride staining of histological slides in regions that were similar in location to abnormalities on DTI. Our findings of demyelination have recently been substantiated in a study using DTI to examine the brains of live MPS dogs. 16 Pre-mortem FA and RD values in the corpus callosum correlated in a significant manner with degree of myelination as measured by staining for myelin basic protein in the postmortem brain.
It is widely believed that the generally higher FA in white matter compared to gray matter is due to a decreased number of parallel and myelinated fibers in gray matter. We found lowered FA values in many regions in the MPS brains and diminished myelination (as measured by optical density of the myelin stain) in all regions studied ( Figure 6 ). We hypothesize that the lower amounts of myelination allow for generally more isotropic movement of water molecules and, hence, decreased FA values. As shown in Figure 4 , all white matter regions in MPS brain #2 and many of the white matter regions in MPS brain #1 had FA values below that of the normal brain. Similarly, decreased myelination is thought to be manifested by elevated RD values. As shown in Figure 5 , the majority of white matter regions in the MPS brains we studied had RD values above that of the normal brain.
Comparison of MPS brain #1 to the normal brain showed some unexpected findings in some regions. Despite showing a decrease in myelin density across all white matter regions, this brain exhibited some regions of increased FA and decreased RD compared to normal. The etiology of this finding is unknown, but it is possible that a decrease in the number of crossing fibers as part of the MPS disease process caused an increase in FA values. However, this explanation would not account for the decrease in RD values.
In the normal brain, both FA and RD were strongly correlated to gold chloride optical density and to fiber coherence. Upon including gray vs. white matter type as an independent variable, RD remained significantly correlated with both optical density and fiber coherence, whereas FA remained correlated to fiber coherence, i.e. the degree to which fibers were seen to be parallel on histological images obtained from the same site as FA values. This supports our hypothesis that RD is better correlated with the histological variables compared to FA. The two MPS brains showed significant correlation only between RD and fiber coherence, but when including gray matter vs. white matter distinction, that significance is lost. This loss of significance may possibly be due to a small sample size. In the MPS brains, the values for FA, RD and myelin density in white matter were closer to that of gray matter compared to the normal brain. Due to the decreased difference between gray matter and white matter with these metrics, our correlations were unable to maintain statistical significance. Sampling an increased number of regions would increase statistical power and help establish the relationship between DTI metrics and myelination in the MPS brain.
We hypothesized that a model based on the relationship of degree of myelination (as measured by gold chloride optical density) with DTI measurements in a normal brain could be accurately applied to an MPSafflicted brain. The FA-based model was able to predict within our specified threshold in MPS brain #2. However, MPS brain #1 did not reach our threshold for accuracy. As discussed previously, the two MPS brains are qualitatively different and could represent different degrees of disease. It is possible that a point is reached in the progression of MPS disease where our model can no longer accurately predict myelination. Future studies looking at multiple MPS brains at various time points will help delineate this effect. The RDbased model did not meet our prediction threshold in both brains despite having a stronger correlation coefficient compared to the FA-based model.
Limitations
Our study has a number of limitations. First, our sample size was small, with one normal brain and two MPS brains. Despite sampling a number of gray matter and white matter regions, the power of our study is limited. Additionally, the two MPS brains appear qualitatively distinct. We hope that future studies would employ multiple control brains and multiple MPS brains, ideally with multiple brains at the same time point of disease progression. Also, sampling a greater number of ROIs within each brain would improve the robustness of the predictive models.
Second, three different experimenters performed the histological sectioning and staining of the three brains, and each brain was stained in multiple sessions. Efforts were taken to maintain consistency between all sessions, but the duration of gold chloride staining was not standardized. Additionally, we noticed some variability in the performance of the gold chloride solution that also contributed to variations in stain intensity. While we sought to normalize the optical density values to minimize the effect of different stain intensities, it is possible that significant inter-and intra-experimenter variability still exists. Standardization of the duration of gold chloride staining and performing the staining in one session would greatly improve consistency. In future studies, tissue from normal and MPS canines will be stained concurrently to ensure that observed differences are not due to technical factors that could vary in time across batches of staining reagents. Moreover, additional histological preparations, such as an immunohistological characterization of the expression of myelin basic protein, are warranted to help guide interpretation of our findings with the gold chloride method.
Third, the fixation technique for the normal brain was substantially different from the MPS brains, because they were performed at different institutions for different experiments before arriving at our laboratory. The effect of the different techniques is difficult to quantify, and future experiments should maintain consistency to remove it as a possible variable.
In summary, this study provides evidence that the abnormally lower FA values and higher RD values in white matter in MPS 1 reflect substantial, diffuse decreased myelination of white matter in MPS 1, which to our knowledge has previously been reported solely in one publication by our research group. 16 These changes were widespread in the brains we studied, which suggests that the focal abnormalities seen in MPS 1 brains on routine MR imaging may represent only a small portion of the actual disease extent in white matter. These findings indicate that DTI is a promising imaging technique for determination of the extent of brain involvement and degree of demyelination in this disease.
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